USC017,001A PATENT 
REPETITIVE POWER PULSE GENERATOR WITH FAST RISING PULSE 

Reference to Related Application 
The present application claims priority benefit of U.S. Provisional 
Application No. 60/201,584, filed May 3, 2000, titled "REPETITR^E POWER PULSE 
GENERATOR WITH FAST RISING PULSE," the entire contents of which is hereby 
incorporated by reference. 

Background of the Invention 

This invention was made with the United States Government support under 

grant number awarded by • 

Field of the Invention 

The invention relates to reUable sohd-state pulse generators for generating 
repetitively short, high power pulses with relatively fast rise times. 
Description of the Related Art 

High voltage pulse generators, with relatively fast rise-times, are typically 
used to drive gas discharge loads such as lasers and discharge devices for pollution 
control apphcations. In the past, such pulse generators used thyratrons to generate the 
desired pulses. However, thyratrons are relatively unreUable, relatively heavy, and 
require complex electrical control systems. SoUd state devices, although hghter and 
potentially more reliable than thyratrons, can switch less power on a per-device basis. 
Thus, a number of soUd state devices are needed to replace a single thyratron. In some 
configurations where many solid-state devices are connected together, failure of one 
soUd-state device can trigger the failure of many devices in the circuit. Moreover, sohd 
state devices, although potentially more reUable than thyratrons, are relatively less 
tolerant of over-voltage and/or over-current transients. Solid state devices can be 
permanently damaged by a single over-voltage transient lasting only a few nanoseconds. 
In many pulse generators, the soUd-state devices are used to drive an inductive load 
such as a transformer. Inductive loads are prone to generate voltage spikes when the 
current through the inductor is suddenly switched off (as typically occurs at the end of a 



pulse). These voltage spikes can destroy solid-state devices and render the pulse 
generator inoperable. 

Summary of the Invention 

The present invention solves these and other problems by providing a solid- 
state drive circuit to drive a split magnetic core transformer. In one embodiment, the 
sohd-state drive circuit uses MOSFETs to achieve desirable pulse characteristics. In one 
embodiment, the solid-state drive circuit uses a blumlein to produce a desired input 
pulses in a primary winding of the spht magnetic core. In one embodiment, ferrite 
beads are used to further shape the pulse produced by the blumlein. 

In one embodiment, the pulse length is determined not by the "on" time of a 
solid state device, but, rather, by the characteristics of the blumlein and the split core 
transformer. Since the sohd-state devices do not determine the pulse length, the "on" 
time of the sohd-state devices can exceed the pulse length. When the solid-state devices 
are finally turned off, no damaging voltage spike is generated because the current 
through the inductors (e.g., the current through the transformer) is negligible. This 
protects the sohd-state devices from harmful voltage spikes and simphfies the drive 
circuits for the sohd-state devices (since the sohd-state device can be driven by a 
relatively long pulse). 

The use of a spht magnetic core allows several sohd-state drive circuits to be 
used in parallel to produce a single output pulse. In one embodiment, the split magnetic 
core is configured as an inductive adder. The spht magnetic core combines the output 
fi-om several solid-state drive circuits in a manner that leaves the drive circuits relatively 
isolated from one another. This relative isolation reduces the chance that a failure in 
one sohd-state drive circuit will cause failures in other solid state drive circuits. 

In one embodiment, each sohd-state drive circuit drives a separate primary 
winding of a split magnetic core transformer. In one embodiment, the primary windings 
are low-impedance single-turn windings. In one embodiment, each core of the split core 
transformer has one primary winding. In one embodiment, the separate cores of the split 
core transformer are provided with a single secondary winding that couples all of the 
cores. In one embodiment, the secondary winding is a multi-turn winding. In one 
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embodiment, the number of tums in the secondary winding is selected to match the 
output impedance of the transformer to the impedance of the load, thereby providing 
increased power to the load. 

In one embodiment, the sohd-state drive circuits and the split magnetic core 
are constructed on a modular basis such that any one (or any pair) of the solid-state 
drive circuits can be easily replaced without disassembling the spUt magnetic core. 

As compared to a thyratron, the solid-state pulsed power generator provides 
a relatively higher repetition rate, improved lifetime, reduced weight, simpHfied 
electrical control system, and reduced electrical power requirements 

In one embodiment, the pulse power generator is used to produce pulsed 
electrical fields for medical and biomedical appUcations. In one embodiment, the pulse 
power generator is used to produce pulsed electrical fields for plasma exhaust treatment 
systems for automobiles and other vehicles. 

Brief Descrintion of the Drawings 

The advantages and features of the disclosed invention will readily be 
appreciated by persons skilled in the art from the following detailed description when 
read in conjunction with the drawings listed below. 

Figure 1 illustrates a magnetic core with a primary winding and a secondary 

winding. 

Figure 2 shows a split core transformer in a racetrack configuration. 

Figure 3 shows a spht core transformer in a circular configuration. 

Figure 4 illustrates driving multiple low-inductance pulse transformers. 

Figure 5 is a top view of one embodiment of a pulse driver transformer. 

Figure 6 is a side view of the pulse driver transformer from Figure 5 showing 
connections of a first pair of primary windings. 

Figure 7 is a side view of the pulse driver transformer from Figure 5 showing 
connections of a second pair of primary windings. 

Figure 8 is a side view of the pulse driver transformer from Figure 5 showing 
connections to a pair of power MOSFETs. 



Figure 9 is a block diagram of a pulse generator where one or more core 
drivers drive windings of a split core transformer. 

Figure 10 is a block diagram of the core drivers shown in Figure 9. 
Figure 11 is a schematic of a core driver. 

Figure 12A is a top view showing one embodiment of a layout of a modular 
two-channel core driver and split core transformer assembly. 

Figure 12B is a perspective view of the layout shown in Figure 12A. 

Figure 13 is an exploded view of the split core transformer assembly. 

Figure 14 is a perspective view showing a single secondary winding that 
couples to multiple two-channel spUt-core assembUes. 

Figure 15 is a plot showing pulse length and pulse risetime versus the 
number of tums in the secondary winding of the split core transformer. 

Figure 16 is a plot showing secondary output voltage versus the number of 
tums in the secondary winding of the split core transformer. 

Figure 17 is a plot showing impedance matching of the spKt core transformer 
secondary to a load as a function of the number of tums in the secondary winding of the 
split core transformer. 

Figure 18 is a plot showing output power versus the number of tums in the 
secondary winding of the split core transformer. 

Figure 19 is a circuit schematic of an altemate embodiment of the core 

driver. 

In the drawings, the first digit of any three-digit number generally indicates 
the number of the figure in which the element first appears. Where four-digit reference 
numbers are used, the first two digits indicate the figure number. 

Detailed Description 

Figure 1 shows a transformer 100 having a magnetic core 101 with a primary 
winding 102 and a secondary winding 103. For the transformer 100, the pulse rise time 
in the secondary (i.e., after transformation) is given by the equation: 



where Tyts is the rise time of the pulse at the secondary winding, Trtp is the 
rise time of the pulse at the primary winding, v is the velocity of Hght in the insulation 
material (v « 5 m/ns), and L is the length of the wire in the secondary winding (in 
meters). Equation (1) is proper when the impedance of the transformer is approximately 
matched to the impedance of the load. The transformer impedance Zst is given by: 



St 



where Lst is a stray inductance of the transformer secondary winding and Cst is the 
stray capacitance of the secondary winding. If the transformer is not matched to the 
load, the length of the core can be changed. The capacitance is proportional to the 
length of the core and the inductance is inversely proportional to the length of the core. 

The width of the "flat top" portion of a pulse on the secondary winding of 
the trmsformer 100 is given by: 

T -^2£A (2) 

where is the number of turns in the secondary winding. S is the core area, and Db is 
the change of magnetic field in the core (in Wb/m^). Combinuig Equations (1) and (2) 
and assuming that: the cross-section of the core is square; the high voltage winding is 
located above the low voltage winding; the insulation of the low voltage in winding is 
neghgible; and the maximum electrical field is defined by Emax ^ (V/m) then: 

(3) 



The cross section of the core depends primarily on TrtlTfl and on the apphed 
voltage. The actual length of the pulse depends primarily on the number of tums in the 
secondary. For a given TrtlTfl, the cross-section of the core rises dramatically with the 
appUed voltage (when the voltage rises 10 times the cross-section of the core rises 200 
times). Only a relatively small coefficient of transformation can provide high voltage 
with a good pulse shape. 

In one embodiment, a well-formed 50kV pulse using small voltage switches 
(e.g. MOSFET transistors) with blocking voltage of 500-lOOOV is desired. With a single 
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core in the transformer, a 50kV output pulse would require an input pulse (in the 
primary) of approximately lOkV. This voltage is too high for many solid state devices. 
The required primary voltage can be reduced by using a split-core transformer, as 
shown in Figures 2 and 3. Figure 2 shows a split core transformer 200 in a racetrack 
configuration. Figure 3 shows the split core transformer 200 in a circular configuration. 
The transformer 200 mcludes eight cores 201-208. In one embodiment, the cores 201- 
208 are toroidal cores made of ferrite, iron, or other magnetic material. Each of the cores 
201-208 has a primary winding 210-218 respectively, hi one embodiment, the primary 
windings are single-turn windings. Each of the primary windings 210-218 is driven by a 
separate drive module 221-228 respectively. All of the cores 201-208 are linked by a 
single secondary winding 240. In one embodiment, the secondary winding 240 is a 
multi-turn winding. The secondary winding is provided to a load 241 . 

In Figure 2, the cores 201-208 are arranged in a racetrack configuration with 
four cores on each side, such that the secondary winding approximates the shape of an 
oval racetrack. In Figure 3, the cores 201-208 are arranged in a circular fashion such 
that the secondary winding is approximately circular. 

In the spUt core transformer 200, the total magnetic core cross-section (given 
by Equation (3)) is made of several smaller cores (the cores 201-208). For example, in 
order to get the output voltage 50KV with a pulse length of 100ns, only 14 ferrite cores 
(having a cross section of .5 m x .5 in) are needed. In this case, a wire for the secondary 
winding will be 70" which will be short enough to provide a rise time of 20ns. 

In a conventional soHd-state pulse driver that uses MOSFET switches, the 
gate of each MOSFET is driven by a high current integrated circuit op-amp (typically 
one op-amp per MOSFET). Each integrated ckcuit needs a low voltage power hne and 
a synchronization pulse from a distribution system. 

Figure 4 shows an advanced drive system 400 wherein the troublesome op- 
amps are elhninated. In the drive system 400, a master pulse generator 401 provides a 
trigger pulse to one or more pulse drivers 410-412. The pulse driver 410 drives a 
primary winding of low-inductance pulse transformers 421-424. A secondary winding 
of each of the pulse transformers 421-424 drives a MOSFET based drive circuit 431- 
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434 respectively. The pulse drivers 411 and 412 are similarly configured to drive pulse 
transformers that, in turn, drive MOSFETs. 

In one embodiment, the pulse drivers 410-412 generate a drive pulse (for 
driving the low-inductance transformers) using a blumlem in a manner similar that 
shown in the core driver circuits of Figures 11 and 19. In one embodiment, the 
blumlein used in the pulse drivers 410-412 is configured to generate a pulse more than 
twice as long as the pulse generated by the blumleins in Figures 1 1 and 19. 

The low inductance transformers 421-424 allow the op-amps to be 
eliminated since the MOSFETs can be driven directly by the transformers 421-424. 
Eliminating the op-amps allows the gate current for each MOSFET to be increased from 
6A to 20A, thus providing improved pulse rise times. In addition, the circuit is simpler, 
and less costly. 

In MOSFET transistors, the conductivity is determined by the main carriers. 
The absence of diffiision allows each transistor to turn on in a few nanoseconds. 
However, the gate has a relatively large capacitance. Fast turn-on times require the 
delivery of enough charge to the gates to quickly charge the gate capacitance. For 
example, in order to get from the "off state to a low conductivity on sate of .1 ohm for 
the transistor, the gate of a APT5010LVR transistor needs a charge of 312 nC (nano- 
Coulombs). 

This means that a minimum current of 15A must be delivered to the gate to 
provide a rise time of 20ns. The commercially available driver MAX2044 can provide a 
maximum current of 6A, which is not enough current to provide a 20 ns rise time. The 
gate current problem is even more difficult when it is necessary to drive several tens or 
hundreds of transistors. This can be accomplished by using the power transistor with a 
system of transformers to boost the current. For example, the gate of one transistor 
needs about 15V with 15 A, about 225 w of pulsed power. A power transistor such as 
the APT5010LVR can produce a power of 12.5KW when working as a switch into a 
single forming line. In order to produce a good output pulse with a low driving current 
(e.g., 6A), it is necessary to reduce the output power of the APT5010LVR to 5.4kw with 
a switch voltage of 500v and a current of 22A. This power is enough for 24 gates. 
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Assume the impedance of the forming line is i?=t/5w/W2=ll-3ohms. Then the 
coefficient of transformation is 16 and the output impedance of the transformer is 
11.3/16l=.043 ohms. To have a rise time of about 20 ns, the stray inductance of this 
transformer must be 0.8nh. This is relatively low inductance. Such a low inductance 
can be produced by using several transformers, as shown in Figure 4. 

One embodiment of the low-impedance transformers 421-424 is shown in 
Figures 5-7. Figure 5 shows a top view of a low-inductance pulse transformer 500 
assembly. The low-inductance transformer assembly 500 includes a magnetic core 501, 
circuit board layers 520 operating as a 3-wire transmission hue (as shown in Figures 6 
and 7), four or more sections of primary winding, and four or more sections of the 
secondary winding. The windings are shown as windings 510-513. hi one embodiment, 
the secondary windings are single-turn windings made from a copper strips working in 
parallel. The coefficient of transformation is numerically equal to the number of turns 
m the primary winding (for the single-turn secondary). The windings are equally spread 
between the sections. The primary winding is made usmg insulated wure and is wound 
on the surface of the copper strips that make up the secondary windmg. In one 
embodiment, the secondary turns are wound through holes in the circuit board 520. 

Figure 6 how shows a first half of the secondary winding (corresponding to 
the cross section A-Al) is connected between the middle and upper plate of a 3- 
conductor transmission hue in the circuit board 520. The 3-conductor transmission hne 
is made from circuit board conducting layers 601-603. The conducting layers are 
separated from each other by dielectric circuit board layers. In Figure 6, the core 501 is 
shown as a left-hand portion 634 and a right-hand portion 635. Primary windings 621, 
and 622 wrap the core portions 634 and 635 respectively. Secondary windings 623, and 
624 wrap the core portions 634 and 635 respectively. The secondary winding 623 is 
provided to layers 601 and 602. The secondary winding 624 is provided to layers 601 
and 602. The secondary windings 623 and 624 are wound opposite-sense so that their 
output currents will be in phase. 

Figure 7 how shows a second half of the secondary winding (corresponding 
to the cross section B-Bl) is connected to the conductors 601-603. In Figure 7, the core 
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501 is shown as a left-hand portion 734 and a right-hand portion 735. Primary windings 
721, and 722 wrap the core portions 734 and 735 respectively. Secondary windings 
723, and 724 wrap the core portions 734 and 735 respectively. The secondary winding 
723 is provided to layers 602 and 603. The secondary winding 724 is provided to layers 
602 and 603. The secondary windings 723 and 724 are wound opposite-sense so that 
their output currents will be in phase. 

Constructing the low-inductance transformer as shown in Figures 5-7 
produces a low impedance circuit. The low impedance properties resuh from the use of 
a single-turn secondary and the low-impedance 3-contuctor transmission line output 
connections. The 3-conductor tiransmission hne is provided to the driver tiransistors as 
shown in Figure 8. 

Figure 8 is a side view of the assembly 500 showing the ti-ansistor 503 and a 
ti-ansistor 803. A first terminal (either a gate or a source) of the ti^sistor 503 is 
provided to the conductor 601, and a second terminal (either the source or the gate) of 
the transistor 503 is provided to the conductor 602. Connecting the gate and source of 
the ti-ansistor 503 to the conductors 601, 602 allows the first secondary winding of the 
low-impedance transformer to turn the transistor 503 on and off. Similarly, a first 
terminal (either a gate or a source) of the tiransistor 803 is provided to the conductor 
602, and a second terminal (either the source or the gate) of the tiransistor 803 is 
provided to the conductor 603 . Connecting the gate and source of the ti-ansistor 803 to 
the conductors 602, 603 allows the second secondary winding of the low-impedance 
transformer to turn the transistor 803 on and off 

Figure 9 shows a block diagram of a pulse generator system 900 using a split 
core ti-ansformer 911. In the system 900, a pulse driver 901 provides drive pulses to 
driver inputs of core drivers 902-905. A power supply 910 is provided to a power 
supply input of the core drivers 902-905. Each of the core drivers 902-905 drives one or 
more primary windings of the split-core tiransformer 911. In one embodiment, each of 
the core drivers 902-905 drives a single primary winding, and each core of the split-core 
tiransformer has a single primary winding. In one embodiment, the primary windings 
are single-turn windings. 
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Figure 10 is a block diagram of the core drivers 902-905. For example, in the 
core driver 902, the input pulse from the pulse driver 901 is provided to a pulse 
transformer 1001. An output from the pulse transformer 1001 is provided to a confrol 
input of a solid-state driver circuit 1002. The power supply 910 is provided to a power 
supply input of the sohd-state diver 1002. An output of the solid-state driver 1002 is 
provided to an input of a pulse forming line 1003. An output of the pulse forming line 
1003 is provided to a primary of the fransformer 91 1. In one embodiment, the forming 
line 1003 uses one or more lumped-element fransmission lines configured as a blumlein 
to form a desired pulse. The core drivers 903-905 are similar in construction to the 
driver 902. 

The core driver 902 generates a pulse by using the solid state driver 1002 to 
switch the forming lines 1003. For this type of generator, the output power is given by 
equation 

where Usw is a blocking voltage of the solid-state driver 1002 and Isw is a current of the 
solid-state driver 1002. 

In an alternate embodiment, the solid-state driver 1002 can be used to 
control the partial discharge of a capacitor (without forming lines). This method needs 
a fiiUy controllable switch and the output power is given by the formula 
Pout=Usw%w- Thus, for a given power, the partial-discharge circuit need half the 
nimiber of the switches that the forming-line circuit needs. 

Nevertheless, the forming-hne core driver 902 has several distinct 
advantages not recognized in the prior art. For example, when driving gas discharge 
load, the load is extremely unstable and can change from a short circuit to an open 
circuit during the discharge. Unstable loads place special requirements on the pulse 
generator, and the forming-line based core driver 902 is able to meet these requirements. 
The forming-line core driver 902 generally provides some measure of independence 
between the switch current and the load resistance (except possibly during times of 
oscillation). The forming-line core driver 902 reduces the amount of energy in the 
generator. This reduces the probability of damages and the cost of storage capacitors. In 

-10- 



the forming-line core driver 902, the charging voltage of the lines starts from zero 
(because most of the stored energy is dissipated during each pulse). This allows the use 
of a resonant charging system. In one embodiment, a voltage doubler can be used to 
increase the wall vohage from 115v AC to 650v DC without any transformer in the 

main power supply. 

Further, in the forming-line core driver 902, the protection system is very 
simple. The gates of transistors are held in the in "on" position until most of the stored 
energy is dissipated or until oscillations occur. The absence of large storage capacitors 
reduces the size and cost of the core driver 902, allowing it to be assembled as a 
relatively thin, easily replaceable, circuit board. Taken together, the above advantages 
mean that by using the forming-line based core drivers 902-905, the whole generator 
900 can be made more compact, feasible and reUable. 

Figure 11 is a circuit schematic showing a core driver 11 00. The core driver 
1100 is one possible embodiment of the core driver 902. In the core driver 1100, a pulse 
input 1160 is provided to a first terminal of a primary winding 1161 of the pulse 
transformer 1001. The second terminal of the primary winding 1161 is provided to 
ground. A furst terminal of a secondary winding 1162 of the pulse transformer 1001 is 
provided to gate inputs of MOSFETs 1103-1106. A second terminal of the secondary 
winding 1 162 is provided to ground. A V+ output of the power supply 910 is provided 
to the drains of the MOSFETs 1103-1106. The drains of the MOSFETs 1103-1106 are 
also provided, through an inductor 1 1 10 to a first inductor terminal of a lumped-element 
transmission line 1 101. 

The lumped-element fransmission line is a three-terminal device having two 
inductor terminals and a common capacitor terminal. In the Lumped-element 
transmission line, an inductor 1 1 12 is disposed between the two inductor terminals. The 
Lumped-element fransmission line also includes a plurality of capacitors, each capacitor 
having a first terminal and a second terminal. The first terminals of the capacitors are 
provided to the inductor at points distributed along the length of the inductor 1 112. The 
second terminal of each of the capacitors is provided to the common capacitor terminal 
of the lumped-element transmission line. A lumped-element fransmission line 1102 is 
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similar in topology to the lumped-element transmission line 1101. The lumped element 
transmission lines 1101 and 1102 are configured as ablumlein. 

The sources of the MOSFETs 1103-1106 are provided to ground and to the 
common capacitor terminal of the lumped-element transmission line 1101. A second 
inductor terminal of the lumped-element transmission Une 1101 is provided to a 
common capacitor terminal of the second lumped-element transmission Une 1102. A 
first mductor terminal of the lumped-element transmission line 1102 is provided to a 
first terminal of a primary winding 1 137. The winding 1 137 is a single-turn winding on 
a core 1135 of the split-core transformer 911. A second terminal of the winding 1137 is 
provided to ground. A secondary winding 1136 (single or multiple turns) passes 

through the core 1135. 

In one embodiment, an optional snubber circuit is included. The snubber 
circuit mcludes a resistor 1 1 16 and a diode 1115. A first terminal of the resistor 1 1 16 is 
provided to a second inductor terminal of the lumped-element transmission line 1114, 
and a second terminal of the resistor 1116 is provided to an anode of the diode 1115. A 
cathode of the diode 11 15 is provided to the common capacitor termmal of the lumped- 
element transmission line 1114. 

In one embodiment, the inductors 1110 and 1113 are ferrite beads. In one 
embodiment the MOSFETs 1 103-1 106 are APT5010LVR types. The first line of the 
lumped-element transmission line 1112 has six cells (six capacitors) an impedance 
(Z = yjL/C) ) of 1.77 ohms, and a tune delay of 50ns. The second line of the lumped- 
element transmission line 1114 has six cells, an impedance of 1.77 ohms, and a time 
delay of 50ns. 

The ferrite beads 1 1 10 and 1 1 13 sharpening the generator pulse by inhibiting 
the pulse until sufficient current has been generated to saturate the ferrite core of the 
magnetic beads. Once the ferrite beads saturate, they no longer tend to inhibit the 
current. Thus, to some extent, the ferrite beads 1 1 10 and 1 1 13 tend to sharpen the pulse 
in a manner sunilar to an avalanche device. The optional snubber circuit serves to 
dampen oscillations in the primary circuit. 



-12- 



Safe operating area protection of the MOSFETs 1103-1106 is based on the 
following considerations. First, each MOSFET is protected from excessive current. For 
an APT5010LVR, the maximum value of pulsed current is 188 A. In the circuit 1 100, 
the pulsed value of the current is only 75A because the higher current is not acceptable 
from the point of view of the pulse rise time. If a short circuit occurs across the 
secondary 1136, the MOSFETs 1103-1106 will not see the short because of the 
characteristics of the impedance of the lumped-element fransmission lines 1101 and 
1102. When the MOSFETs 1103-1106 turn on, they short the voltage source 910 to 
ground. The internal impedance of the source 910 should be sufficient to limit the short 
circuit current of the source 910 to an acceptable level. In one embodiment, the source 
910 is a voltage doubler (or tripler) tied directly to the 110 volt AC power lines. The 
internal impedance of the voltage doubler is sufficient to limit the current of the source 
910 to safe operating levels, while still providing sufficient current to charge the 
capacitors in the lumped-element transmission lines 1101 and 1102. Additional over- 
current protection is typically not needed. 

Each fransistor 1103-1106 must also be protected against over-voltage 
conditions. The specified maximum drain to source voltage for the APT5010LVR is 
specified as 500 volts. The real over-voltage danger in a pulse generator typically occurs 
when the transistors switch off. If the primary winding 1137 is carrying current, and 
that current is rapidly switched off, the inductance of the fransformer 911 will cause a 
voltage spike. This voltage spike often damages the switching fransistors. However, in 
the circuit 1100, the lumped-element transmission lines 1101 and 1102 create a shaped 
driving pulse for the primary 1137. The fransistors 1103-1106 can be switched off after 
the pulse has ended and the primary 1137 is no longer carrying any significant current. 
Thus, the possibility of producing a large voltage spike is largely eliminated. . 

In theory, it is a simple matter to switch off the gates of the fransistors 1 103- 
1 106 after the pulse of current is over. The problem arises when the impedance of the 
fransformer 911 does not match the impedance of the load presented to the secondary 
1136. If an impedance mismatch occurs, then oscillations can occur. These oscillations 
can be as long as several microseconds. When the load is a short circuit, the snubber 
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circuit dampens these oscillations.. When the load is open, the train of unipolar pulses 
produced in the transformer 911 will drive the magnetic core of the output transformer 
into saturation and make the load appear as if it were a short circuit. If the generator is 
matched to the load, only positive voltage will be on the line between the two lumped- 
element transmission lines and the diode 1115 will be reverse biased at all times. 

The current in the resistor 1116 can be measured and these measurements 
can be used to determine how well the generator is matched to the load. If the current in 
resistor 116 is zero, the generator is well matched to the load. If the current in the 
resistor 1116 is I=Uch^Rp, where Rp is the resistance of the resistor 1116, then the 
generator delivers no power to the load. The value of the resistor 1116 is typically 
chosen to be close to the impedance of the lumped-element transmission line 1 102. 

As stated earher, the lumped-element transmission lines 1101 and 1102 are 
configured as a blumlein. The blumline acts as a transient voltage doubler such that the 
pulse produced in the primary 1 137 has approximately twice the voltage of the voltage 
source 910, One skilled in the art will recognize that the lumped-element transmission 
lines 1101 and 1 102 can be replaced with other types of transmission lines. 

Figure 12A is a top view showing one embodiment of a layout of a modular 
two-channel core driver 1200 and a two-channel split core transformer assembly 1201. 
The two-channel split core transformer assembly 1201 includes a first core assembly 
1220 and a second core assembly 1221. Figure 12B is a perspective view of the two- 
channel core driver 1200 and the two-channel spht core transformer assembly 1201. 
The core driver 1 100 shown in Figure 1 1 is a single-channel circuit. The modular two- 
channel core driver 1200 uses two of the core drivers 1100 driven by a conmion pulse 
transformer 1224. The pulse transformer 1224 is similar to the transformer 1101 shown 
in Figure 11, but with two single-turn secondary windings instead of one. The first 
secondary winding drives an upper core driver circuit 1 100 comprising the driver 1002 
and the forming line 1003. The second secondary winding drives a lower core driver 
circuit 1100 comprising the driver 1204 and the forming line 1206. The upper core 
driver drives a single-turn primary winding of the core assembly 1221. The lower core 
driver drives a single-turn primary winding of a core assembly 1220, 
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The two-channel core driver 1200 and the two-channel split core transformer 
assembly 1201 are connected by pluggable connectors 1211 and 1210. The use of 
pluggable connectors allows the two-channel core driver 1200 to be easily unplugged 
from the split core transformer assembly 1201 for repair and/or replacement. 

Figure 13 is an exploded view of the core assembly 1220 (the split core 
transformer assembly 1221 is similar). The core assembly 1220 includes an upper 
support member 1301, an upper conductor 1302, a toroidal ferrite core 1303, a 
conducting sleeve 1304, a lower conductor 1305, and a lower support member 1306. 
The conducting sleeve 1304 fits inside the hole of the ferrite core 1304. The upper 
conductor 1302 is electrically connected to an upper edge of the sleeve 1304, and the 
lower conductor 1305 is electrically connected to the lower conductor 1305, The 
together, the upper conductor 1302, the sleeve 1304, and the lower conductor 1305 
make a low-impedance single-turn winding aroxmd the core 1304. The upper support 
member 1301 and the lower support member 1306 provide mechanical support for the 
assembly 1220. Tabs on the front of the upper conductor 1302 and the lower conductor 
1305 are provided to plugs to connect the single-turn winding to the driver assembly 
1200. 

Figure 14 is a perspective view showing a single secondary winding 1410 
that couples to multiple two-channel split-core assemblies 1201 and 1401. Although 
only two two-channel assemblies are shown, many such assemblies can be stacked and 
linked by the single secondary winding 1410. The secondary winding 1410 can be a 
single-turn winding or a multi-turn winding. The winding 1410 drives a load 141 1. 

Figure 15 is a plot showing pulse length and pulse rise time versus the 
number of turns in the secondary winding of the split core transformer. Figure 15 shows 
a curve 1501 that indicates rise time of the pulse (in nanoseconds) as a function of the 
number of turns in the secondary winding. The curve 15 shows that the rise time 
increases with increasing number of turns. Figure 15 also shows a curve 1502 that 
indicates pulse length (in nanoseconds) as a fimction of the number of turns in the 
secondary winding. For the embodiment shown, a three-turn secondary produces a 
pulse risetime of approximately 45 ns and a pulse length of approximately 90 ns. 
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Figure 16 is a plot showing a curve 1601 that indicates secondary output 
voltage as a function of the number of turns in the secondary winding of the split core 
transformer. The curve 1601 shows that the output voltage increases approximately 
linearly with the number of turns until about six turns, where the curve 1601 flattens 
out. 

Figure 17 is a plot showing impedance matching of the split core transformer 
secondary to a load as a function of the number of turns in the secondary winding of the 
spUt core transformer. Figure 17 includes a curve 1701 that shows load impedance as a 
function of the number of turns. Figure 17 also includes a curve 1702 that shows 
transformer output impedance as a function of the number of turns. For the case plotted, 
the curves 1701 and 1702 intersect at approximately three tums, indicating that the 
transformer and the load are impedance-matched when the transformer secondary has 
approximately three tums. 

Figure 18 shows a curve 1801 that shows output power as a function of the 
number of tums in the secondary winding of the split core transformer. For the case 
plotted, maximum output power occurs when the secondary has approximately three 
tums (in agreement with the data plotted in Figure 17). 

Figure 19 is a circuit schematic of an altemate embodiment of a core driver 
1900. The core driver 1900 is similar to the core driver 1100 with the following 
changes. The snubber circuit has been omitted. The second inductor terminal of the 
lumped-element transmission line 1101 is provided to a first terminal of the primary 
winding 1137 through the inductor 1113. The second terminal of the winding 1137 is 
provided to the first inductor terminal of the lumped-element transmission line 1102 
(without passing through the inductor 1113). 

Although the foregoing has been a description and illustration of specific 
embodiments of the invention, various modifications and changes can be made thereto 
by persons skilled in the art, without departing from the scope and spirit of the invention 
as defined by the following claims. 
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